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1.0 INTRODUCTION

A variety of experiments were performed during 22-

27 September 1981, to probe the ionosphere over Arecibo when

it was modified by a 300 kW HF radio transmitter at the

Islote heating facility. The monitoring equipment used

included an all-sky imaging photometer to determine airglow

emissions at 5577 A and 6300 A, a zenith spectrometer, a "'

digital ionosonde, and satellite phase and amplitude

receivers at 250 MHz, all on board the AFGL Airborne

Ionospheric Observatory (Basu et al., 1981; 1982; 1983).

We are concerned here only with the digital

ionograms recorded using the digital ionosonde on board the

aircraft, a Digisonde 128PS (Bibl and Reinisch, 1978). As

illustrated in the status ionograms of Figure 1, some of

these ionograms exhibited extra traces which are considered

to have arisen by backscattering of the ionosonde

transmissions from field-aligned irregularities created by

the heater. .4

The campaign extended over five nights, described

as Heater 1, 2, ... 5, or Round Robin (RR) 1, 2, ... 5.

These nights were September 22-26, corresponding to UT days

of 266 to 270. Oblique scattered traces were observed on all

nights, but not at all times, and were usually not well

defined because of the high radio noise levels. The most

consistent traces were observed during Heater 4 and 5 (UT

days 269 and 270), and it is these which will be discussed

here.

The times of day considered cover a few hours after

midnight. It is interesting to note that the expected "post-

midnight collapse" of the ionosphere occurred on only one of

the five nights. The heater frequency of 5.1 MHz was below h

foF2 at all times.

, ,.,-1
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AIRCRAFT DOPPLER IONOGRAMS
ARECIBO HEATING EXPERIMENT (HEATER 3)

Figure 1. Aircraft status ionograms showing the 1prcsc-rnce (-,1

echoes from field-aligned irregularitis in two
cases (upper right, lower left). The FAT echoes
have zero Doppler snitft, in agr-omenit ith th e
motion of the aircraft in the magnetic rr-idian
plane and at right angles to the wave propaapat ion
vector.



Figure 2 shows the nominal flight pattern, which

with some adjustments, based on inf light observations, was

flown during heater flights No. 4 and No. 5. The figure also
j6

shows the magnetic meridian through the heater facility and

the approximate area of the half power beam width of the

heater antenna, at an altitude of 300 kcm, for a heating

frequency of 5.1 MHz (the heating frequency used during these

experiments).

Figure 3 illustrates the aircraft positions

(triangles) at those times when a scattered trace was

observed during Heater 5 (UT day 270). The squares are

placed due magnetic west from the aircraft position at the

respective time at ranges R given by

R = ((h )2 -(V ))/
6B) NR

h6B is the radar range of the oblique echoes and h ERT the

virtual height of the overhead ionization measured at the

heater frequency. This approximation to determine the

location of the field aligned irregularities was used to

develop an initial understanding of the general location ofP
the irregularities. The rationale is discussed in Section

2.0. The squares give an estimate of the magnetic N-S extent

of the irregularity patch generated by the heater. Note that

the aircraft flew well beyond the north-south extent of

positions where irregularity backscatter echoec were

observed. The squares give also a rough estimate of the most 4

western extent of the irregularities giving rise to theNS

scattered traces.
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2.0 METHOD OF ANALYSIS

In principle, the Arecibo ionograms could be

analyzed in the same fashion as the Platteville ionograms

(Buchau and McNamara, 1986), using true-height analysis

techniques to obtain the vertical electron density profile,

N(h), and then tracing rays at various frequencies, elevation

angles, azimuths and effective transmitter altitudes (the

altitudes of the irregularities). However, the conditions of

the Arecibo experiment are such that various simplifications

can be made, including the adoption of analytic raytracing

procedures.

As the comparison of Figures 2 and 3 shows, most of

the backscatter echoes from field aligned irregularities were

observed, when the aircraft was in a latitude region which

extended from due magnetic east of Arecibo to approximately

one degree further north. Similar restrictions of the

location of the aircraft during observations of field aligned

irregularities were found for flights no. 2 and no. 3 as the

summary of the F.A.I. observations (Figure 4) indicates. The

exception is flight no. 4 where, of the total of five F.A.I.

observations during this night, two fall outside the 10 wide I
band extending north from the magnetic latitude circle

through Arecibo. These two ionograms were taken when the

aircraft was at a location which was 1 south of the magnetic

latitude circle through Arecibo. No field aligned

irregularities were observed during flight no. 1.

The basic assumption that we shall make is that the

oblique traces, seen on the ionograms at ranges about 50 km

greater than for the overhead trace, arise from the coherent

scattering or reflection of radio waves which strike the

field-aligned irregularities (generated by the heater)

6
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horizontally, and at right angles to the direction of the

earth's magnetic field. These rays then return along their

own path back to the aircraft (see Figure 5).

For a given transmitter location, the locus of

reflection points for signals to return to the aircraft is a

curved surface. If the transmitted ray is in a plane through

the irregularities and at right angles to the magnetic

meridian (i.e. magnetic E-W), the ray which returns to the

aircraft will be horizontal at the point of reflection. If

the plane containing the transmitted ray lies north of

magnetic E-W, the rays returning to the aircraft (for the

same ionogram and aircraft position) will still be heading

upwards to their normal apogee when they get reflected by the

irregularities; if the plane lies south of magnetic E-W, the

rays will have passed their perigee before they are reflected

orthogonally by the irregularities. Since most of the F.A.I.

were observed when the aircraft was due magnetic west to

approximately 10 north of that magnetic latitude circle, we

consider here only the special case of rays travelling in a

magnetic E-W plane because of the simplifying approximations

which can be made. There will therefore be some ambiguity

between range and irregularity altitude, but this does not

seem to be an overwhelming problem, consistent interpretation

of the observations still being possible.

A further simplification arises from the fact that

the propagation of these rays is approximately transverse to

the magnetic field, and exactly transverse at the ray apogee.

We have therefore used the no-field approximation for the

group refractive index of the ordinary ray. The next

simplification we have adopted is to replace the actual N(h) ,

profile by a parabolic layer fitted to the peak of the actual

profile and passing through a second selected point. This

simplification is quite adequate because we are considering

8
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aligned irregularities generated by the heater.
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at right angles and are horizontal when they do so.

49



only nighttime profiles (-0100 LT) which are approximately

parabolic. The choice of the second selected point depends

on which part of the profile the rays will actually travel

through, and is related to the apogees of the rays.

Even when the N(h) profile is a simple parabola,

however, analytic solutions do not exist for the parameters

we require, such as ray apogee, group path and ground range

for a given elevation angle. We have accordingly modified

our fitted parabolic profiles into quasi-parabolic profiles

and used the results given by Croft and Hoogasian (1968) for

raytracing through a quasi-parabolic layer in the absence of

a magnetic field.

The quasi-parabolic layer is defined by

22r-rm r 1
Ne = N m  1 YM rl

where Nm = maximum density of the P2 layer

r. = Re + hm = radius of F layer maximum

rb = radius of base height of the layer

Ym = semithickness.

The factor rb/r is approximately equal to unity over the

altitudes of the layer, so that the layer shape does not

differ significantly from that of the simple parabolic layer.

However, the solutions for ground range, D, group path, p',

phase path, p, and apogee height are now available

analytically, and these are given by Croft and Hoogasian

(1968). The only difference between the Croft and Hoogasian

results and the present ones is that we assume that the rays

giving rise to the observed oblique traces are at their

apogees when they are reflected from the field-aligned

10



irregularities. Consequently, we have simply divided the

Croft and Hoogasian expressions for D and p' by a factor of

two.

The N(h) profile which we replace by an appropriate

parabolic layer can be obtained by either a true-height

analysis of the overhead ionogram or by use of the incoherent

scatter radar profiles obtained during the experiment. The

latter is preferable, but these profiles were not available

for each flight.

For the Heater 4 experiment (local night 25/26

September 1981), we have used the Arecibo incoherent scatter

profile, normalized to the maximum value of the electron

density of the F2 layer (NMF2) recorded by the ionosonde. In

particular, we have used the 05:03:58 UT profile of 26

September, normalized to NMF2 = 1.00 x 1012 el m-3 , and

replaced by a parabola with NMF2 = 1.00 x 10" el m- 3
, HMF2 =

383 kim and YM = 112.6 km (see Figure 6). HMF2 is the

altitude of the peak of the F2 layer. The parabola matches

the normalized observed profile at 275 km. The interaction

height corresponding to the heater frequency of 5.1 MHz is

300 km.

For the Heater 5 experiment (local night 26/27

September 1981), no incoherent scatter profile measurement

was available. We have therefore used the N(h) profile

obtained from the overhead ionogram for 06:24:09 UT using a

parabolic lamination technique. The base of this profile is

somewhat uncertain because no extraordinary ray data were

available at low frequencies for use in the N(h) analysis.

The profile was replaced by a parabola with NMF2 = 0.80 x

10 1 el M - , HMF2 = 340 km and YM = 100 km (see Figure 7).

The parabola matches the true height profile at 275 km. The

interaction height is 266 km.
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We considered rays with elevation angles of 1 to 90

degrees, and frequencies up to foF2, obtaining tables which

listed corresponding values of frequency, elevation angle,

ground range, group path, and height of the ray apogee. We

then constructed oblique ionograms for ground ranges between

zero (the overhead trace) and 500 km, simply by interpolating

in the tables to find the values of group path and apogee

corresponding to a particular ground range. These are shown

in Figures 8 and 9. In these figures, the small 3-digit

numbers are the altitudes of the apogee (H) for the given

frequency and ground range (D), which correspond to the

altitudes of the irregularities reflecting the signals. The

figures are on the same scale as the ionograms, and we

interpret the observed oblique traces by overlaying a

transparency of either Figure 8 (Heater 4) or Figure 9

(Heater 5) on the observed ionograms. The overlay is slid

vertically (and horizontally, if necessary) to align the

calculated and observed overhead (vertical incidence) traces.

14 ~ 5 YS.~ ~ ~ *P~.~ 5 .Sj..S
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Figure 9. Simulated oblique ionograms for the "eater 5

flight, based on the aircraft overhead iono-
gram of 06:24:09 UT, 27 September 1981. The
large numbers show the aircraft range from
the backscattering irregularities, while the
small numbers show the altitudes of these
irregularities. The dashed line shows the
group paths for signals from 6.0 to 9.5 MHz
which are scattered from irregularities at
an altitude of 260 km.
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3.0 INTERPRETATION OF IONOGRAMS

3.1 Heater 4

Oblique echoes were observed only in five ionograms

during this flight and we have considered the 04:59:09 UT

(Figure 10) and 05:29:09 UT ionograms (Figure 11) which

corresponded to ground ranges from the aircraft to the

magnetic meridian passing through Arecibo of 240 and 248 km.

In the former case, oblique echoes are visible from 5.5 to

8.0 MHz. Overlaying Figure 6 on Figure 8 shows that the

irregularities causing the oblique echoes corresponded to D -

250-330 km, and altitudes 275-300 km. The irregularities at

D - 225 km and H - 305 km (the higher ones closer to the

aircraft) are probed by the 8 MHz signal, while those at D ~

325 km and H - 275 km are probed by the 7 MHz signal.

Similarly, overlaying Figure 6 on Figure 9 shows that the

irregularities existed at D - 225-300 km, and altitudes 274-

315 km. The oblique and vertical traces overlap near 8 MHz,

and it is not possible to distinguish between them.

Figure 12 shows the ground position of the F.A.I.

zone in a geographic presentation, which overlays Figure 2.

The heavy bars are the respective F.A.I. ranges, the open

circles the respective aircraft locations.

Table 1 summarizes the data relevant to the range

and height extent derived from the five ionograms, during

which F.A.I. were observed.

Taken together, the five ionograms indicate that

the irregularities existed at altitudes from the base of the

F layer (- 274 km) up to about 10 km above the interaction

height (at which the plasma frequency is equal to the heater

frequency) of 300 km, and that the irregularity patch was

about 80 km in magnetic E-W extent, starting -15 km east and

17
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Table 1. Summary of F.A.I. Locations Derived for Flight
No. 4

UT Af Ah D Lead. Trail. Hin ax W A- A+
h:min MHz km km km km %, km km km

04:29 +.1 -15 259 260 350 286 310 90 0 90

04:59 0 0 220 320 239 275 310 100 20 80

05:09 +.4 -10 275 340 272 295 300 70 0 70 !

05:19 +.3 - 5 278 260 330 286 295 70 20 50

05:29 -.1 0 248 225 300 274 315 75 25 50

Average/Min/Max Min 274 Max 315 86 13 68

Af = frequency shift necessary to match overlay ionogram, in
MHz.

Ah = height shift necessary to match overlay ionogram, in km.

D = distance from aircraft to Arecibo magnetic meridian.

Lead/Trail = ground distances to leading and trailing edge of
F.A.I. signature, determined using overlay
ionogram.

Hmin/Hmax = minimum and maximum height of F.A.I., determined
as above.

W = E/W extent of F.A.I. zone.

A-, + = east (-) and west (+) extent of F.A.I. zone with
respect to Arecibo magnetic meridian.
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extending -75 km west of the Arecibo magnetic meridian.

Irregularities at altitudes substantially above the

interaction height would have given rise to scattered echoes

at frequencies greater than about 9 MHz, but no such echoes

were observed.

3.2 Heater 5

Many more oblique echoes were observed with this

flight than for the Heater 4 flight, and we are in this case

able to consider the effect of different aircraft ranges to

the heated volume. We consider here ionograms corresponding

to ranges of -140 km (06:24:09 UT, Figure 13); -75 km

(06:19:09 UT, Figure 14); and -400 km (06:46:39 UT, Figure

15). The last two cases correspond to the distances of

closest approach and extreme range for Arecibo. The 06:24:09

UT ionogram was the ionogram analyzed to determine the N(h)

profile.

One of the difficulties with using a true height

analysis of the ionogram is that the base height of the

ionosphere so determined will be somewhat uncertain. In this

case, the value of fmin was 2 MHz, and this was found to

correspond to a true height of 240 km. As the overlay Figure

8 shows, many of the signals which we shall be considering

were reflected at apogees just above this base height, so

some discrepancies between the predicted and observed oblique

traces must be expected simply because we do not know the

lower part of the N(h) profile well enough.

Consider first the 06:24:09 UT ionogram (Figure

13). The oblique echoes at -5.5 MHz indicate that

irregularities existed at ranges of 150-300 km, and at

altitudes of 254-265 km. The oblique echoes near 6.5 MHz

correspond to ranges of 200-300 km, and to altitudes of 260-

22
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270 km. The echoes near 3 MHz indicate the existence of

irregularities near the base of the layer (-240 km) and at

ranges from <150 km out to -250 km. The short-range limit of

the oblique echoes was estimated using the difference in

Doppler signature between vertical and oblique echoes even

though the oblique echoes overlap the overhead echoes (the

details of this approach will not be discussed here; for

information on the use of Doppler measurements in the

interpretation of disturbed ionograms see Buchau et al,

1983).

Considerable overlap of the vertical and oblique

traces also occurs for the 06:19:09 UT ionogram (Figure 14).

The strong echoes at the lower frequencies indicate the

existence of irregularities in the base of the layer. At

higher frequencies, the ionosonde samples irregularities

higher in the layer. Near 6 MHz, the scattered echoes come

from altitudes of 257-265 km and ranges 150-250 km, while

near 7 MHz the echoes come from altitutdes of 260-271 km and

ranges 200-300 km.

We have included the 06:46:39 UT ionogram here

(Figure 15) because of the presence of a discrete echo near 9

MHz and a group range of -560 km. The overlay (Figure 9)

indicates that the echoes correspond to a range of -430 ±30

km and an irregularity altitude of -262 ±5 km. This altitude

corresponds closely to the interaction height of 267 km given

by the true-height analysis, and indicates that the

irregularities had a preferred altitude approximately equal

to the interaction height.

The 06:51:39 UT ionogram of Figure 16 is a status

ionogram in which each pixel shows the Doppler shift rather

than the amplitude of the normal display. Filtering the data

according to the status allows the elimination of noise and a

more reliable trace identification. The overhead trace in
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Figure 13 is characterized mostly by '8', which corresponds

to zero Doppler shift. The scattered traces from 6.6 to 9.1

MHz are characterized by '4' and '5', which correspond to

positive Doppler shifts caused by the motion of the aircraft

towards the heated volume.

Matching the overlay (Figure 9) to the overhead

trace in Figure 16 shows immediately that the scattered

echoes are not uniformly distributed over group paths

corresponding to ranges of 300 to 500 km. Instead, the

echoes tend to cluster around lines of constant irregularity

altitude indicating a preference for the altitude range 255

to 265 km. At 9 MHz, there are no scattered echoes below the

266 km point on the 400 km trace, and none above about 258 km

(estimate, near the 500 km trace). At 8 MHz, the echoes come

from altitudes of about 255 to 265 km. A preference for the

same altitude range is also shown by the preceding and

following ionograms, confirming that the irregularities had a

preferred altitude approximately equal to the interaction

height.

The strongly focussed echoes seen on the

Platteville Heater ionograms (Buchau ana McNamara, 1986) do

not appear on any of the Arecibo ionograms, although

propagation conditions exist for them to do so. For example,

as an inspection of the overlay (Figure 9) for the Heater 5

experiment indicates, 8 MHz signals reflected from

irregularities with ground ranges of 155 to 275 km and

heights of 275 to 300 km would all yield group paths of 415

±10 km (see the bundling of the height dots for heights 270

to 300 km at -415 km). Thus ionograms recorded near 06:30 UT

(ground range -200 km) might be expected to show some

evidence of strongly focussed echoes at 8 MHz, but there are

in fact no such echoes. This indicates that there were no

irregularities at the corresponding altitudes of -275-300 km,
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or, in other words, the irregularities did not exist at

altitudes much greater than the interaction height (-262-267

km). This conclusion is supported by the lack of scattered

echoes on any of the ionograms corresponding to altitudes

greater than 270 km, which would have appeared at f = 10

MHz.

The detailed analysis of 23 ionograms for flight

no. 5, which were analyzed as to the characteristics of

F.A.I.'s, is summarized in Table 2. Column designations are
explained in connection with Table 1. Twelve additional

ionograms show evidence of F.A.I.'s, however, true height

analysis and derived ionogram overlays were not available at

the time of completion of this report. The ionospheric

conditions were not similar enough to those for which the

overlay for flight no. 5 (Figure 8) had been developed thus

prohibiting extrapolation. However, the shape, behavior and

location of observation of these F.A.I. signatures is very

similar to those discussed in the report, and their analysis

would not have affected the conclusions.

Table 2 shows that the height extent of the

F.A.I.'s is confined, as discussed using the ionogram

examples, to a narrow height range of from 245 to 270 km,

i.e. a region near the heater frequency interaction height.

The ground projection of the F.A.I. zone shown in

Figure 17 substantiates findings from flight no. 4, namely

the strong shift of the F.A.I. zone towards the west with

respect to the Arecibo magnetic meridian. In the average, ..

the F.A.I. zone extends from 25 km to the east to 120 km to

the west of the Arecibo magnetic meridian. This is an

average w. th of 145 km in the east/west direction and is in

general agreement with the analysis of the sparse data base

from flight no. 4.
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Table 2. Summary of F.A.I. Locations Derived for Flight
No. 5

UT Af Ah D Lead. Trail. Hmn Hmax W A- L+
h:min MHz km km km km km km km

05:59 +.6 +25 208 225 310 254 261 85 20 65

06:01 +.8 +25 218 225 300 241 258 75 15 60

06:04 +.5 +20 203 200 275 U 242 270 75 20 55

06:06 +.5 +20 181 160 275 U 242 270 115 30 85

06:09 +.4 +25 142 150 300 U 243 270 150 5 145

06:11 +.3 +20 118 150 250 U 243 265 100 +20*120

06:19 +.l +15 75 125 U 310 U 247 258 185 +45 230

06:21 +.1 +15 101 130 310 U 245 265 180 +20 200

06:24 0 +10 138 150 300 244 265 150 0 150

06:26 0 +15 162 150 U 310 245 U 270 160 25 135

06:29 +.l +15 201 210 330 250 260 120 5 115

06:31 +.1 +15 226 250 U 340 245 U 260 90 +10 100

06:34 0 +15 262 290 U 350 258 U 270 U 90 +15 105

06:36 0 +10 288 370 410 258 264 40 +65 105

06:39 0 +10 328 370 420 255 266 50 +25 75

06:41 0 +10 352 400 460 257 267 60 +25 85

06:44 0 +15 388 420 480 257 264 60 +10 70

06:46 0 +15 398 400 480 U 255 266 80 20 60

06:49 0 +15 361 350 450 U 257 267 100 35 65

06:51 -.1 +10 337 320 460 U 253 266 140 35 105

06:52 0 +15 324 300 460 U 252 266 160 40 120

06:53 0 +15 310 300 450 U 256 266 150 25 120

Average Min 241 Max 270 145 25 120

A + sign in this column indicates that the F.A.I. zone

starts to the west of the Arecibo magnetic meridian.

30

INN?



4

0 0

04
a'

al

to 4

(4 00

(44

4C

0 Q
o ;-4

0 (0

or

H 0

0~ C.)

31o



4.0 CONCLUSIONS

The ionograms described here indicate that

irregularities generated by the Arecibo heater and detected

by the ionosonde existed at altitudes between the base of the

F layer and about 10 km above the heater transmission

interaction height, with a preferred altitude near the

interaction height. There was no evidence for the existence

of irregularities at greater altitudes, although the peak of

the F2 layer was 60-70 km above the interaction heights.

Assuming that the backscatter echoes observed at the aircraft

came from the magnetic west, the five flights indicated that

the patch extended about 150 km north of Arecibo. We

observed F.A.I. signatures while the aircraft was to the

south of the Arecibo magnetic latitude only in two ionograms.

These were obtained during flight no. 4, even though the

aircraft flew the long northwest/southeast leg, almost

parallel to the Arecibo magnetic meridian, on all five

nights. Similarly, once north of the magnetic latitude

circle approximately 1.250 north of Arecibo, no F.A.I.

evidence was observed. The magnetic E-W extent of the patch

can nominally be obtained from the ranges indicated on the

overlay ionograms. The aircraft flight path went to a

location approximately 20 north of the magnetic latitude of

Arecibo on all five flights (during flight no. 5 this

northern leg was flown twice) without observing F.A.I.'s at

the northern extent of the flight pattern. A ray trace study

(Buchau, 1988) suggests that the conditions to achieve

perpendicularity in the heated/disturbed zone with ray paths

to the south-southwest from the northern extent of the north

west/south east flight leg are very marginal. Such

conclusions can not be drawn for the northwesterly

propagation direction from the southernmost aircraft
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location. From here F.A.I.'s should be observable at

distances out to 375 km, which puts the disturbed region as

previously determined well within range. The determination

of the east-west extent, while at times hampered by the

overlap of F.A.I. and overhead trace, was in general possible

due to the clear identification of F.A.I. echoes by their

Doppler signatures. These data indicate a width of the

F.A.I. zone in the magnetic east/west direction of -100-145

km. The zone is shifted to the west with respect to the

Arecibo magnetic meridian. F.A.I. were observed in the

average only 20 km to the east of this reference line. The

strong shift of the F.A.I. zone towards the west of the

Arecibo magnetic meridian suggests transport of

irregularities generated by the heater, out of the heated

volume. Burnside et al. (1981) using measurements of

Doppler shift of the nighttime O('D) 630 nm emission show

substantial westward drifts (50-75 m sec- I) of the

postmidnight neutral atmosphere (thermosphere) over Arecibo.

Similar transport of heater-generated irregularities out of

the heater beam had previously been shown by Livingstone

(1983) during another airborne heater campaign (Moore, 1983;

Buchau and McNamara, 1986).

4
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